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ABSTRACT
Although it is assumed that magnetic fields in accretion disks are dragged from the
interstellar medium, the idea is likely not applicable to primordial black holes (PBHs)
formed in the early universe. Here we show that magnetic fields can be generated in
initially unmagnetized accretion disks around PBHs through the Biermann battery
mechanism, and therefore provide the small scale seeds of magnetic field in the uni-
verse. The radial temperature and vertical density profiles of these disks provide the
necessary conditions for the battery to operate naturally. The generated seed fields
have a toroidal structure with opposite sign in the upper and lower half of the disk.
In the case of a thin accretion disk around a rotating PBH, the field generation rate
increases with increasing PBH spin. At a fixed r/risco, where r is the radial distance
from the PBH and risco is the radius of the innermost stable circular orbit, the battery
scales as M−9/4, where M is the PBH’s mass. The very weak dependency of the bat-
tery on accretion rate, makes this mechanism a viable candidate to provide seed fields
in an initially unmagnetized accretion disk, following which the magnetorotational
instability could take over.
Key words: accretion, accretion discs — dynamo — instabilities — magnetic fields
— MHD
1 INTRODUCTION
The origin of magnetic fields observed in galaxies remains
elusive and various mechanisms such as density perturba-
tions before recombination era (Ichiki et al. 2006) or linear
over-densities (Naoz & Narayan 2013) have been proposed
to generate large scale seeds in the universe. On small scales,
seeds are proposed to be formed through the Biermann bat-
tery mechanism (Biermann 1950) in stars and supernova
explosions (Widrow 2002; Hanayama et al. 2005).
Here we turn our attention to the primordial black
holes (PBHs) that form due to density fluctuations in the
early universe (Carr & Hawking 1974; Carr 1975). Interest
in PBHs has recently rekindled (Bird et al. 2016) follow-
ing the detection of two 30 M black holes (Abbott et al.
2016) by LIGO. Through various approaches such as micro
lensing (Alcock et al. 2001), CMB anisotropy (Ali-Ha¨ımoud
& Kamionkowski 2017), wide binaries (Quinn et al. 2009;
Monroy-Rodr´ıguez & Allen 2014), and ultra faint dwarfs
(Brandt 2016), PBHs in the mass range of 10-100 M are
considered to potentially play an important role in cosmol-
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ogy, although they cannot account for the major part of dark
matter density.
While it is predominantly assumed that PBHs grow by
accreting primordial gas through Bondi spherical accretion
(Ricotti et al. 2008; Ali-Ha¨ımoud & Kamionkowski 2017), or
accretion of dark matter (Mack et al. 2007), here we show
the possibility that these black holes could grow via an ac-
cretion disk and how this will generate the small scale seeds
of magnetic fields in the early universe.
Accretion disks are associated with a wide range of as-
trophysical phenomena from disks around protostars to BHs.
They are assumed to be magnetized and the accretion to
occur via the magnetorotational instability (MRI, Balbus &
Hawley 1991). Generally, large-scale magnetic fields are as-
sumed to be dragged with the accretion flow, and amplified
by dynamo process during the accretion into the disk (e.g.,
Bisnovatyi-Kogan & Ruzmaikin 1976; Reyes-Ruiz & Stepin-
ski 1996; Calvet 1998; Reyes-Ruiz & Lo´pez 1999; Blackman
et al. 2001). For stellar mass BHs, the magnetic field in the
accretion disk is typically associated with the magnetic field
of the progenitor star (e.g., Bisnovatyi-Kogan & Ruzmaikin
1974, 1976), while for supermassive BHs the field is believed
to be accreted from the surrounding gas (e.g., Narayan et
al. 2003; Eatough et al. 2013). Magnetic fields around the
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first generation of protostars may be the result of large scale
cascades, where weak magnetic fields are amplified via a tur-
bulent dynamo during the gravitational collapse (e.g., Schle-
icher et al. 2010; Schober et al. 2012).
While it remains unknown how effectively those sources
can provide magnetic fields around PBHs during differ-
ent cosmological epochs, here we focus on generating seed
magnetic fields in initially non-magnetized accretion disks
around PBHs. We do not specify the cause of accretion in
the system; we merely assume that it takes place despite the
fact that the disk is not initially magnetized (i.e., MRI does
not yet operate). Such disks have been studied in the proto-
planetary (PP) disk context in detail (Chiang & Goldreich
1997, 1999; Dullemond et al. 2007) and it was shown that
a pure hydrodynamic setup can lead to significant accretion
rates in astrophysical accretion disks (Paoletti et al. 2012).
Biermann (1950) showed that if a plasma has rotational
motion, currents must exist, which lead to the generation
of magnetic fields. This process has a wide range of appli-
cations from the generation of magnetic fields in stars (e.g.,
Biermann 1950; Doi & Susa 2011) to galactic scale magnetic
fields (e.g., Mestel & Roxburgh 1962; Widrow 2002; Sub-
ramanian et al. 1994; Subramanian 2010; Naoz & Narayan
2013). For example, Shiromoto et al. (2014) studied the gen-
eration of magnetic fields by the Biermann battery mecha-
nism in a first generation proto-circumstellar disk based on
2D radiation hydrodynamics simulations.
In order to generate seed magnetic fields via the Bier-
mann battery mechanism, the gradient of electron density
and gradient of electron pressure must have a non-vanishing
cross product. This situation naturally arises in accretion
disks, where the pressure gradient is mostly in the verti-
cal direction, while the temperature has a radial gradient.
The seed magnetic field via the battery will grow linearly
with time. Subsequently, this could trigger a strong magne-
tohydrodynamic (MHD) instability through the MRI, which
would cause the field to grow exponentially with time to
reach its equipartition value in the disk (e.g., Bret 2009). As
we will show below, generation of the seed magnetic fields
through the Biermann battery depends only very weakly on
the accretion rate and therefore a priori we do not require
MRI to operate for the battery to work.
The structure of this work is as follows: In §2 we intro-
duce the Biermann battery. In §3 we apply the battery to a
thin accretion disk around a Kerr BH. In §4 we present our
results, and in §5 we present our conclusions.
2 BIERMANN BATTERY
The generation of a magnetic field via the Biermann battery
is due to currents driven in a plasma whenever there is a non-
vanishing cross product of electron number density gradient,
∇ne, and electron pressure gradient, ∇Pe,
∂B
∂t
= ∇ × (u × B) − c∇ne × ∇Pe
en2e
. (1)
Assuming an ideal gas equation of state, Pe = nekBTe, and
assuming that the temperature of the electrons is equal to
that of the gas, we can re-write ∇ne × ∇Pe as
∇ne × ∇Pe = ∇ne × (ne∇Te + Te∇ne)kB , (2)
where kB is the Boltzmann constant. Given ne = χeρ, where
χe is the ionization fraction, we find
∇ne × ∇Pe = nekB∇ne × ∇Te = nekB χe∇ρ × ∇Te . (3)
We assume the disk is initially not magnetized. We have
assumed ∇χe = 0 considering the ionization fraction remains
effectively unchanged at the relevant temperatures of accre-
tion disks. Therefore, we estimate the rate of growth of the
magnetic field to be
∂B
∂t
≈ − ckB
e
∇ρ × ∇Te
ρ
. (4)
Note that the ionization fraction, χe, cancels out, and the
result depends only on the density and temperature of the
system. Since ∇ρ and ∇Te are both poloidal (by axisymme-
try), the generated field is toroidal, i.e.,
∂B
∂t
= − ckB
eρ
(
∂Te
∂r
∂ρ
∂z
− ∂ρ
∂r
∂Te
∂z
)
φˆ . (5)
The Biermann battery will work so long as the density
and temperature gradients are not parallel to each other.
This condition will almost always be satisfied in an accretion
disk.
3 MAGNETIC SEEDS IN DISKS AROUND
KERR BLACK HOLES
In this section we explore the application of the Biermann
battery to Kerr black holes which is relevant for PBHs since
they tend to form with high spin parameters (Harada et al.
2017). The classical disk model of Shakura & Sunyaev (1973)
was generalized to a relativistic disk by Novikov & Thorne
(1973), in which the condition of vertical hydrostatic equi-
librium takes the form
dP
dz
= −ρGM
r3
z
C
B , (6)
where M is the mass of the central BH. B, and C are rela-
tivistic correction factors. This leads to the following density
profile
ρ =
Σ√
2piH
exp( −z
2
2H2
C
B )
√
C
B , (7)
where H is the disk scale height defined as H = Cs/Ω.
Cs =
√
kBTeff(r)/(µmp) is the speed of sound, and Ω =√
GM/r3 is the Keplerian angular velocity. The surface den-
sity (Σ) is given by
Σ =
ÛM
3piν
(
1 −
√
risco
r
)
, (8)
where ν is the viscosity coefficient, ÛM is the accretion
rate, and risco is the radius of the innermost stable circular
orbit. Both H and ν are functions of r and a, where a is the
specific angular momentum of the BH.
The effective temperature profile in the disk from the
balance of heating and cooling is given by
T4eff(r) =
3GM ÛM
8piσr3
(
1 −
√
risco
r
) D
B , (9)
where σ is the Stefan-Boltzmann constant, and D is a rela-
tivistic correction factor. We compute the battery at z = H
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for all the calculations as a reference. In all the analysis, we
set Te = Teff 1. The various relativistic factors are given by
(Novikov & Thorne 1973; Page & Thorne 1974; Doerrer et
al. 1996):
B = 1 − 3GM
c2r
+
2a
√
GM
c2r3/2
,
C = 1 − 4a
√
GM
c2r3/2
+
3a2
c2r2
,
D = 1
2
√
r
∫ r
risco
x2c2 − 6xGM + 8a√xGM − 3a2
√
x
(
x2c2 − 3xGM + 2a√xGM
) dx,(10)
and risco is obtained as the root of the following equation for
the case of a co-rotating disk:
1 − 6MGc
r
+ 8
a
c
√
MGc
r3
− 3 a
cr
= 0 . (11)
The vertical temperature profile of the disk depends on
the assumed opacity of the disk and for an optically thick,
geometrically thin disk we have:
8σT4c
κRΣ
=
−4σ
3κRρ
∂T4e
∂z
(12)
where κR is the Rosseland mean opacity and Tc is the mid-
plane temperature of the disk, related to the effective tem-
perature by:
T4c =
3τ
8
T4eff (13)
Computing the vertical gradient of temperature at scale
height of the disk, for τ = 103 − 104, we get:
∂Te
∂z
≈ −τTeff
H
(14)
Due to large uncertainties in the vertical temperature
profile of the disk, we estimate the order of magnitude of
the Biermann battery by only crossing the vertical gradient
of density with the radial gradient of temperature for Kerr
black holes. Therefore, we compute ∂B/∂t as :
∂B
∂t
≈ − ckB
eρ
(
∂Te
∂r
∂ρ
∂z
)
φˆ . (15)
4 RESULTS
Here we explore thin accretion disks around PBHs with a
constant vertical temperature profile (thus, Equation (15) is
applicable).
Figure 1 shows the magnetic field growth rate for a
10 M PBH with different spin parameters (a) as a function
of r/risco. We compute the battery term at z = H = Cs/Ω
for reference. We see that the battery is stronger for PBHs
with larger spin parameter at a fixed r/risco. The seed fields
generated by the Biermann battery have opposite sign in
the upper and lower half of the disk. In addition, the fields
change sign at a radius rturn (indicated by the sharp dips
in the curves) because Te has a maximum at this radius.
1 The disk mid-plane temperature is often just a factor of a few
larger than Teff . We feel therefore that this approximation is rea-
sonable.
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Figure 1. The magnetic field generation rate (absolute magni-
tude) as a function of r/risco for a 10 M PBH with accretion rate
of M = 10−10M/year for different spin parameters. The geometry
of the generated fields is toroidal. We have set z = H = Cs/Ω
in this calculation for reference. The battery is about 2 orders of
magnitude stronger for a = 0.99 (rapidly spinning Kerr BH) com-
pared to a = 0 (Schwarzschild BH). The notches in the curves
indicate radii rturn at which the generated seed fields change sign.
We observe that rturn = 2 × risco for a Schwarzschild BH and de-
creases with increasing spin. At each radius, the field changes sign
across the equatorial plane.
rturn = 2 × risco for a Schwarzschild BH and at smaller radii
for Kerr BHs. Such a maximum is predicted by the thin
disk model (Shakura & Sunyaev 1973; Novikov & Thorne
1973), though the existence of the maximum in a real disk
is debated (see Shafee et al. 2008; Kulkarni et al. 2011 for a
discussion of the zero-torque condition at the ISCO and the
effect it has on the viscous heating profile in a thin accretion
disk). The battery scales with radial distance from the cen-
tral BH as ∝ rγ where γ ≈ −2.5 at r ' 2 × risco. We estimate
the generated magnetic field as B = ∂B∂t /Ω, where we take
tdyn ∝ 1/Ω as the dynamical timescale for a PBH. The gen-
erated B for a 10 M PBH is ∼ 1.5×10−5G at r ≈ 4×risco and
scaling approximately as ∝ r−1. Such large amplitude of the
generated B field could be compared to what is predicted
around the first generation stars by radiation pressure on
the order of 10−19G (Ando et al. 2010).
Figure 2 shows the growth rate of magnetic field for
PBHs with different masses and accretion rates. The battery
is proportional to M−9/4 at a fixed r/risco, but is only weakly
dependent on the accretion rate (∝ ÛM1/8 at z = H). For
example, for a 10 M PBH, at r ≈ 4 × risco, the battery
rate is around 2 × 10−3G/s with very weak dependence on
the accretion rate. For an order of magnitude more massive
black hole the battery rate is ≈ 2 × 10−5G/s which is about
two orders of magnitude smaller.
We show the dependence of the battery on the PBH
mass in Figure 3. We find ∂B/∂t ∝ M−9/4 at all radii from
the PBH.
5 SUMMARY AND DISCUSSION
We showed that toroidal magnetic fields could naturally be
generated through the Biermann battery process starting
initially from zero magnetic field in accretion disks around
MNRAS 000, 000–000 (2017)
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Figure 2. The absolute magnitude of magnetic field generation
rate as a function of r/risco for a Schwarzschild PBH with masses
and accretion rates in M and M/year units respectively. The red
solid line corresponds to M = 10 M and M = 10−10 M/year. The
blue dashed (orange dot-dashed) line corresponds to 30 (100) M
PBH with the same accretion rate respectively. The dotted black
line corresponds to M = 10 M with an order of magnitude larger
accretion rate. At a fixed r/risco the battery is proportional to
M−9/4 and is weakly dependent on accretion rate (∝ M1/8). The
radial turning point (rturn) is independent of both mass and ac-
cretion rate. We assume z = H in this calculation.
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Figure 3. The absolute magnitude of magnetic field generation
rate as a function of the Schwarzschild PBH mass at three dif-
ferent radial distances from the BH. The battery scales as M−9/4
independent of the radial distance from the BH. We assume z = H
in this calculation.
PBHs. The vertical density profile of an accretion disk and
the radial temperature profile which arises due to the bal-
ance between heating and cooling, lead to generation of
toroidal seed magnetic field through the battery.
We adopted a disk temperature and density profile,
which includes relativistic corrections (following Novikov &
Thorne 1973; Page & Thorne 1974; Doerrer et al. 1996). The
generated seed fields change their sign in the azimuthal di-
rection at rturn = 2× risco for a Schwarzschild BH. Larger BH
spins yield smaller values of rturn and larger rate of seed gen-
eration (see Figure 1). We note that the vanishing of Te at
r = risco, (as predicted by Shakura & Sunyaev 1973) is con-
troversial because it comes from the zero-torque boundary
condition at the ISCO and from ignoring advection. Thus,
the behavior of sign flip may not be realistic. At a fixed
r/risco the battery scales as M−9/4. The relativistic disk pro-
file leads to a weak dependency on the BH accretion rate
∝ ÛM1/8 (see Figure 2).
While the presence of magnetic fields around PBHs from
the cascade of large scale seeds that are potentially generated
during the inflationary period remains unknown, our pro-
posed mechanism introduces an alternative source as early
as the formation of the first PBHs. Moreover, the generated
seeds alter the growth mode of PBHs beyond Bondi accre-
tion with implications to be studied further in the future.
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